Stress-induced shedding of motile cilia (autotomy) has been documented in diverse organisms and likely represents a conserved cellular reaction. However, little is known about whether primary cilia are shed from mammalian epithelial cells and what impact deciliation has on polarized cellular organization. We show that several chemically distinct agents trigger autotomy in epithelial cells. Surprisingly, deciliation is associated with a significant, but reversible increase in transepithelial resistance. This reflects substantial reductions in tight junction proteins associated with "leaky" nephron segments (e.g., claudin-2). At the same time, apical trafficking of gp80/clusterin and gp114/CEACAM becomes randomized, basal-lateral delivery of Na,K-ATPase is reduced, and expression of the nonciliary apical protein gp135/podocalyxin is greatly decreased. However, ciliogenesis-impaired MDCK cells do not undergo continual junction remodeling, and mature cilia are not required for autotomy-associated remodeling events. Deciliation and epithelial remodeling may be mechanistically linked processes, because RNAi-mediated reduction of Exocyst subunit Sec6 inhibits ciliary shedding and specifically blocks deciliation-associated down-regulation of claudin-2 and gp135. We propose that ciliary autotomy represents a signaling pathway that impacts the organization and function of polarized epithelial cells.
INTRODUCTION
Primary cilia mediate various chemo-and mechanosensory functions, and defects in ciliary assembly and signaling activities are linked to numerous human diseases, including cystic diseases of the kidney and liver (Marshall and Nonaka, 2006; Singla and Reiter, 2006) . The emerging consensus is that primary cilia are required to maintain a differentiated cell state and that anything disrupting normal ciliary activities (e.g., mutations or environmental stress) upsets cellular homeostasis. However, molecular mechanisms linking aberrant ciliary function with renal cystogenesis are incompletely understood. For example, it is not known whether primary cilia transmit environmental signals to intercellular junctions and the secretory apparatus of renal epithelial cells to achieve optimal surface polarity and transport activities.
Cells may lose their primary cilia by either of two mechanisms: resorption or deciliation (Quarmby, 2004) . Resorption is a normal process in which cells gradually retract the cilium. It usually precedes mitosis and, perhaps, reentry of quiescent cells into the cell cycle. It may involve regulating the efficiency of intraflagellar transport (IFT), the bidirectional process responsible for the growth and maintenance of ciliary length . Ciliary resorption may also be regulated by de-acetylation of axonemal microtubules (Pugacheva et al., 2007) . In contrast, deciliation is a rapid shedding of cilia in response to environmental stress (Blum, 1971; Quarmby, 2004) . This may include growth factors that stimulate quiescent cells to reenter the cell cycle (Tucker et al., 1979a,b) . Also known as autotomy, this is a conserved cellular response that has been best studied in simple eukaryotes but has also been documented in numerous ciliated epithelia, including the oviduct, which undergoes deciliation in response to hormones and microbial infection, and the upper respiratory tract, which deciliates in response to smoke and infection (Quarmby, 2004) . Nevertheless, very little is known about whether or how primary cilia are shed from epithelial cells and whether deciliation is solely a response to pathological conditions and environmental stress or represents a normal process that resting cells execute before returning to the cell cycle.
MATERIALS AND METHODS

Chemicals
All common chemicals used were of analytical grade or better and purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Chemical (Fairlawn, NJ). Chloral hydrate, dibucaine, BAPTA-AM, and thapsigargin were purchased from Sigma-Aldrich. Calphostin C and ML-7 were obtained from Calbiochem (La Jolla, CA). [
3 H]inulin and 35 S-EasyTag were purchased from Perkin Elmer-Cetus (Boston, MA). Recombinant human epidermal growth factor (EGF) was purchased from PeproTech (Rocky Hill, NJ). Human transferrin (Tfn) was labeled with 125 I using Iodo-Gen reagent (Pierce Chemical, Rockford, IL) as described (Podbilewicz and Mellman, 1990 ).
Antibodies and Fluorescent Probes
Mouse monoclonal antibodies against acetylated ␣-tubulin (diluted 1:250 for immunofluorescent labeling) and ␤-tubulin (diluted 1:400 for immunofluorescent labeling and 1:1000 for Western blotting) were purchased from SigmaAldrich. Mouse monoclonal anti-gp114 (cl. Y652; hybridoma supernatant diluted 1:10 for immunofluorescent labeling and Western blotting) and antigp135 (cl. 3F2; ascites diluted 1:300 for immunofluorescent labeling and 1:500 for Western blotting) have been described previously (Balcarova-Stander et This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08 -07-0741) on November 12, 2008 November 12, . al., 1984 Ojakian and Schwimmer, 1988) . Antibodies to occludin, ZO-1 and -2, and claudins-1, -2, -3, -4, -7, -8, and -10 were purchased from Zymed Laboratories, (South San Francisco, CA) and diluted 1:200 for immunofluorescent labeling and Western blotting. Polyclonal anti-ZO-3 antibodies were obtained from Chemicon (Temecula, CA) and diluted 1:250 for immunofluorescent labeling. Rabbit polyclonal antibodies to actin (diluted 1:500 for Western blotting) and desmoplakin I/II (diluted 1:500 for immunofluorescent labeling) were obtained from Abcam (Cambridge, MA). Rabbit polyclonal antibodies against the conserved cytoplasmic domain of mouse E-cadherin (E2; diluted 1:250 for immunofluorescent labeling and 1:500 for Western blotting) and the ␣ subunit of the sodium, potassium ATPase (NaK␣; diluted 1:500 for immunofluorescent labeling and 1:1000 for Western blotting) have been described previously (Marrs et al., 1993) . All Texas Red-and FITC-conjugated affinitypurified and minimal cross-reacting goat or donkey anti-mouse and antirabbit secondary antibodies were purchased from Jackson Immunoresearch Laboratories (West Grove, PA) and used at 1:200 dilution. FITC-phalloidin was obtained from Sigma and used at a 1:100 dilution.
Cell Culture Methodology
Madin-Darby canine kidney (MDCK) strain I and strain II cells were maintained in low-glucose Dulbecco's modified Eagle's media (LG-DMEM) containing 1 g/l sodium bicarbonate and supplemented with 10% fetal bovine serum (FBS; Atlas Biologicals, Fort Collins, CO), penicillin, streptomycin, and gentamicin (PSG). In experiments examining EGF-induced TJ remodeling, cultures were rinsed thrice in serum-free LG-DMEM containing 0.5% BSA and then incubated in this medium for 24 h to render them quiescent. EGF (100 ng/ml) was then applied in starving medium to cells for 24 h. Pooled clones of MDCK II cells expressing ϳ90% reduced levels of Sec6 (MDCK shSec6 cells) were generated by stable integration of a short hairpin RNA (shRNA) targeting canine Sec6 (sense: 5Ј-GCTGCTCAGATAAGTGAAGAT-3Ј), delivered via transduction with a recombinant lentiviral vector that was pseudotyped with vesicular stomatitis virus G protein. Cells were selected and maintained in media containing 5 g/ml puromycin. As a negative control, MDCK II cells were transduced with lentiviral vectors encoding a nontargeting shRNA (sense: 5Ј-CCCAAGAATTGGAAGGAGAAA-3Ј) and selected in puromycin, as above. MDCK II sh14-3-3 cells were generously provided by Ben Margolis (University of Michigan Medical School; Fan et al., 2004) . MDCK II shPolaris cells were generated by transfecting cells with pSuper plasmids encoding shRNA targeting canine Polaris/IFT88 (sense: 5Ј-GAGCTAGCAAATGATCTGG-3Ј) and selecting stable clones after selection in 500 g/ml G418. MDCK cells stably expressing the human transferrin receptor in pCB6 (MDCKT) were previously described (Sheff et al., 1999) . IMCD-3 cells were maintained in Ham's F12 medium supplemented with 10% FBS (Hyclone, Logan, UT), PSG, MEM-nonessential amino acids, and sodium pyruvate. LLC-PK 1 cells were maintained in ␣-MEM medium supplemented with 10% FBS (Hyclone) and PSG. Caco-2 and human bronchial epithelial cells (HBECs) were maintained in high-glucose DMEM (HG-DMEM) supplemented with 10% FBS (Hyclone) and PSG.
Measurement of TER
Cultures of MDCK II, IMCD-3, LLC-PK 1 , and HBE cells were plated on Transwell 0.45-m polycarbonate filters at confluence (8 ϫ 10 5 cells/12-mm filter and 3.2 ϫ 10 6 cells/24-mm filter) and cultured for a minimum of 4 -5 d to polarize and grow primary cilia. Caco-2 cells were maintained on filters for 2-3 wk. Thereafter, triplicate filters of cells were cultured in the absence or presence of various agents, which were added to media in both apical and basal-lateral chambers, as indicated in figures. Two Transwell chambers were left blank to determine the intrinsic resistance of the membrane. A minimum of three independent transepithelial electrical resistance (TER) readings were collected for each filter at various time points after treatment using a Millicell electrical resistance device (Millipore, Bedford, MA) . Final values were obtained by subtracting the averaged blank value from each averaged sample reading and then multiplying that value by the surface area of the filter. These final results are expressed as Ohms⅐cm 2 . The presence of functional tight junctions (TJs) was verified by measuring the rate of diffusion of [ 3 H]inulin across the monolayer.
Measurement of [Ca 2؉ ] i
Cells were imaged and labeled in LG-DMEM. MDCKs were incubated for 30 min with 2 M of the AM form of fura-2 at room temperature (22°C) and then washed three times in LG-DMEM. Cells were placed in a flow-through chamber mounted on the stage of an inverted IX-71 microscope (Olympus, Melville, NY) and washed for 2 min before the experiment. Fluorescence was Figure 1 . Deciliation of polarized epithelial cells. (A) MDCK II cells were cultured in the absence or presence of indicated concentrations of CH for the durations specified. To examine the reversibility of observed effects, CH was removed at the indicated time ("washout"), and cells were cultured for an additional 3 d. At various time points, cultures were fixed and labeled with anti-acetylated tubulin antibodies (to mark primary cilia) and DAPI (to label nuclei). Bar, 10 M. 
Immunofluorescence Staining
Cells were fixed in 4% paraformaldehyde for 30 min and then permeabilized by incubation at 0°C for 10 min with 1% Triton X-100 in buffer containing 10 mM Pipes, pH 6.8, 50 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , and protease inhibitors (1 mM pefabloc and 10 g/ml each of aprotinin, antipain, leupeptin, and pepstatin A; CSK buffer). Antibodies were diluted in blocking buffer (Ringer's saline: 154 mM NaCl, 1.8 mM Ca 2ϩ , 7.2 mM KCl, and 10 mM HEPES, pH 7.4) containing 0.2% fish skin gelatin and 100 mM NH 4 Cl) and applied to cells for 2 h at 4°C. After five washes in blocking buffer, FITC and Texas Red-conjugated secondary antibodies were applied for 1 h at 4°C. Coverslips and filters were washed five times and mounted in VectaShield containing DAPI (Vector Laboratories, Burlingame, CA) or in Elvanol-PPD. Samples were viewed with either a Nikon Microphot-FX microscope (Melville, NY; 63ϫ or 100ϫ objectives), an Olympus BX-51 microscope (40ϫ or 60ϫ objectives) or a Zeiss 510 laser scanning confocal microscope (Thornwood, NY; 63ϫ objective) using krypton/argon laser with 488 nm (FITC) and 543 nm (Texas Red) laser lines, as noted in figure legends. Digital images of data collected from the Nikon Microphot-FX microscope were obtained with a Kodak DCS 760 digital camera (Eastman Kodak, Rochester, NY).
Assay of gp80 Secretion
For metabolic radiolabeling, polarized MDCK II cells on Transwell filters were preincubated in DMEM/FBS in the absence of methionine/cysteine for 60 min and then in the presence of medium containing 2 mCi/ml (25 Ci/ filter) [
35 S]methionine/cysteine (Amersham Pharmacia, Piscataway, NJ) for 15 min. Cells were then rinsed three times in prewarmed DMEM/FBS containing 5ϫ methionine/cysteine and then incubated in that medium for different time points, at which time an aliquot was removed from both the apical and basal-lateral compartments of triplicate filters to assess gp80 secretion. Protein samples were incubated in SDS sample buffer for 10 min at 65°C before separation by SDS-PAGE. gp80 is the predominant labeled secretory protein observed in MDCK II cells and under reducing conditions migrates as two bands at 35 and 45 kDa (Urban et al., 1987) . Fixed and stained gels were prepared for fluorography by soaking in Amplify solution (Amersham) for 30 min, dried under vacuum, and exposed to phosphorimager screens (Molecular Dynamics, Sunnyvale, CA). The amount of labeled protein in both the 35-and 45-kDa bands was determined directly using a phosphorimager (Typhoon, Molecular Dynamics) and ImageQuant software (ver. 1.2, Molecular Dynamics). 
Transferrin Recycling Assay
Polarized MDCK-T cells on Transwell filters were incubated in the absence or presence of chloral hydrate (CH) for 48 h, as indicated in the figure. Before experiments, cells were induced with 5 mM butyrate overnight and then placed in butyrate-free medium for 4 h before analysis. Binding and recycling of Tfn was performed as described in detail previously (Sheff et al., 2002) . Briefly, 125 I-labeled Tfn was selectively bound to the basal-lateral surface of the cells on ice for 45 min. After cells were washed on ice, the attached Tfn was chased into the cells with media containing 0.1 mg/ml unlabeled Tfn for up to 1 h. Internalization rates were derived from the clearance of acid-labile, labeled Tfn from the cell surface. Recycling and transcytosis data were determined from counts released into the media at various times.
Cell Surface Biotinylation
MDCK cells were biotinylated as previously described (Le Bivic et al., 1990) . Briefly, cells cultured on 24-mm Transwell filters were rinsed three times with Ringer's saline. Sulfo-NHS-SS-Biotin (Pierce; 0.5 mg/ml in Ringer's saline) was applied to either apical or basal-lateral surfaces (0.67 ml apical/1.33 ml basal-lateral), and the cells were incubated twice for 20 min each at 0°C. The biotinylation reaction was quenched by washing cells in five changes of TBS (120 mM NaCl, 10 mM Tris, pH 7.4) containing 50 mM NH 4 Cl and 0.2% BSA (quenching buffer) at 4°C.
Cells were lysed for 30 min in 1 ml/filter CSK buffer. Lysates were centrifuged at 15,000 ϫ g for 10 min, and supernatant fractions were transferred to clean tubes. 100 l of lysate was removed and mixed with SDS-PAGE sample buffer for quantitation of total protein expression. The remaining lysate (900 l) was combined with 50 l streptavidin-agarose (Pierce), incubated for 2 h at 4°C on a tube rotator, and then washed under stringent conditions and prepared for SDS-PAGE as described previously (Pasdar and Nelson, 1988) .
Gel Electrophoresis and Immunoblotting
Protein samples were incubated in SDS-PAGE sample buffer for 10 min at 65°C before separation in 7.5, 10, or 12.5% SDS polyacrylamide gels. Proteins were electrophoretically transferred from gels to Immobilon PVDF membrane (Millipore). Blots were blocked in Blotto (5% nonfat dry milk, 0.5% normal goat serum, and 0.1% sodium azide in TBS) overnight at 4°C. Primary antibodies were incubated with blots at room temperature for 1 h. After five washes, 10 min each, in TBS containing 0.1% Tween-20, the blots were incubated with 125 I-labeled goat anti-mouse or goat anti-rabbit secondary antibody (Amersham) for 1 h at room temperature. Blots were washed as above, then twice in TBS and exposed to phosphorimager screens. The amount of labeled antibody bound to the blots was determined directly using a Phosphorimager, as described above.
RESULTS
Epithelial Cells Are Reversibly Deciliated by Diverse Agents
As an initial effort to determine the consequences of stressinduced deciliation on epithelial cell function, methods for reversibly removing primary cilia from polarized epithelial cells were developed. In previous studies, it was reported that treatment of polarized MDCK cells (MDCK II) with 4 mM CH for 3 d resulted in complete removal of primary cilia and that functional cilia reemerged 5 d after CH washout (Praetorius and Spring, 2003) . This analysis has been refined and shows that treatment of cells with 4 mM CH for 24 h or 2 mM CH for 48 h is sufficient to achieve nearly complete deciliation without disrupting epithelial monolayers or causing gross morphological changes to cells (Figures 1A and Supplemental Figure  S1A ). Deciliation is reversible; primary cilia began to reemerge within 12 h of CH washout, and monolayers were ciliated to control levels by 24 -48 h ( Figure 1A ).
Mouse inner medullary collecting duct cells (IMCD-3) and HBECs were also induced to shed their cilia ( Figure 1B ). This indicates that ciliary autotomy is a feature of other epithelial cell types and is not a peculiarity of MDCK II cells. However, we note that porcine kidney epithelial (LLC-PK1) cells were not induced to deciliate by CH even at concentrations that were much higher than those that induced complete deciliation of MDCK II cells (Figure 1) . Therefore, LLC-PK1 cells appear to lack component(s) required for stress-induced deciliation.
Two other chemicals, dibucaine and ammonium sulfate, also triggered deciliation, indicating that agents unrelated to CH, including potentially physiologically relevant metabolites, promote ciliary autotomy in kidney epithelial cells (Figures 1C and Supplemental Figure S2 ). In contrast to CH, which promoted ciliary shedding relatively slowly and asynchronously over a 24-h time course, dibucaine-and NH 4 -mediated autotomy occurred within 30 min or 3 h of treatment, respectively. However, dibucaine is more cytotoxic than CH. Consequently, there is a rather narrow concentration range (0.5-1.5 mM) and duration (30 -60 min) in which dibucaine-induced deciliation can be studied before cell viability is compromised. Importantly, in all cases the mechanism of ciliary loss is shedding, and not resorption, because components of the severed cilia were recovered in the culture medium after stress-induced deciliation ( Figure 1D ).
After stress-induced deciliation, a striking increase in cytoplasmic staining of acetylated tubulin was observed, particularly in MDCK II and HBECs (Figure 1 ). This finding was unexpected, because axonemal tubulin was recovered in the culture medium after deciliation ( Figure 1D ). However, quantitative immunoblot analysis showed that amounts of acetylated tubulin, when normalized to total tubulin amounts, was unchanged in deciliated cells compared with control cultures (Supplemental Figure S1B ). This result indicates that cells continue to acetylate ␣-tubulin molecules, even during stress-induced deciliation, but that this pool of acetylated tubulin remains cytosolic because there is no ciliary axoneme to incorporate it. It is possible that antibodies to acetylated tubulin have greater access to epitopes on the cytosolic pool than the axonemal pool. As a consequence, cytoplasmic staining of acetylated tubulin in deciliated cells appears much brighter than ciliary staining in control cells, even though the actual amount of protein is unchanged.
Deciliation Is Accompanied by Changes in Intercellular Junctions
Deciliation of MDCK II cells was accompanied by a reversible approximately fourfold increase in TER, indicating that TJ barrier function was better, not worse, after CH treatment of cells (Figure 2A ). Transepithelial diffusion of inulin was similar in control and deciliated monolayers (Supplemental Figure S3A ). Changes in TER were temporally correlated with deciliation and cilia regrowth. During the first 24 h of treatment, a dramatic rise in TER was observed as cilia were shed from cells ( Figure 2A ). TER reached a maximum when deciliation was complete and then returned to baseline during a 1-2-d period after CH washout, concurrent with cilial reemergence. The effects of CH on primary cilia and TJs required that cells were continuously exposed to the drug. Transient exposure to CH was not sufficient to induce either deciliation or TJ remodeling (Supplemental Figure S3B ). An increase in TER was also observed in HBECs and IMCD-3 cells during CH-induced deciliation, indicating that the observed effect was not restricted to MDCK II cells ( Figure 2B ). However, changes in TER were not observed in LLC-PK1 cells, which did not shed their cilia, nor in Caco-2 cells, which lack primary cilia (Figure 2A) . Finally, an increase in TER similar in magnitude to that after CH treatment was also observed when cells were deciliated by exposure to NH 4 , suggesting that changes in TJ function are not simply a side effect of CH treatment, but may instead be coupled to the deciliation event itself ( Figure 2C ).
The increase in TER after deciliation of MDCK II cells was accompanied by a striking reduction in expression of TJ components associated with "leaky" nephron segments (e.g., claudin-2; Figures 3, A and C, and 9B). In contrast, expression of claudins that are associated with "tight" nephron segments (e.g., claudins-3, -4, -7 and -8; KiuchiSaishin et al., 2002) , were either slightly increased or not significantly altered (Figure 3, A and C) . Interestingly, claudin-1 expression was also reduced after deciliation, although how this change contributes to altered TJ barrier function is not presently understood (Figure 3, A and C) . After washout of CH, the repertoire of claudin expression returned to that of nontreated cells ( Figure 3C ). Expression and localization of other TJ components, including occludin and ZO-1, were not affected ( Figure 3B ). Intriguingly, both ZO-2 and -3 were expressed in deciliated MDCK II cells, but were to different extents redistributed from the plasma membrane to the cytoplasm ( Figure 3B ). Claudin-2 loss after deciliation of MDCK II cells was likely the major factor contributing to increased TER, because CH-triggered deciliation of MDCK strain I cells, which do not express claudin-2, had no effect on TER ( Figure 3D ; Furuse et al., 2001) .
We also note that TJs of deciliated cells had a subtly altered morphology. TJs of untreated cells typically had a wavy appearance, whereas those of deciliated cells had a 
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Molecular Biology of the Cellmore linear appearance (Figure 3, A and B) . Quantitative image analysis confirmed that the TJ of deciliated cells were on average ϳ21% straighter than those of control cells (Figure 3E) . The straighter TJ of deciliated cells would be expected to have a lower conduction because of a reduced length, and this likely contributed to the increased TER observed. Together, these results showed that deciliation was associated with specific changes in the composition, appearance, and function of TJs.
We also observed changes in adherens junctions and desmosomes in deciliated cells. The function of each junction type is regulated by dynamic turnover of components in endosomes (Burdett, 1993; Le et al., 1999; Morimoto et al., 2005) , and removing calcium from the extracellular environment experimentally induces internalization of intercellular junctions. When MDCK II cells were incubated in calciumfree buffer, they detached from one another and internalized junction components (Figure 4) . In contrast, cells that had been deciliated by exposure to either CH or NH 4 retained these components at the plasma membrane, maintained organized actin and microtubule cytoskeletons, and remained tightly adherent to one another in calcium-free buffer (Figure 4) . We infer from these data that stress-induced deciliation affects cellular mechanisms that regulate composition, trafficking, and function of intercellular junctions and cytoskeleton organization.
Deciliation Is Accompanied by Changes in Cell Surface Polarity
Trafficking and steady-state localizations of several endogenous apical (gp80/clusterin, gp114/CEACAM, gp135/ podocalyxin) and basal-lateral (E-cadherin, Na,K-ATPase, transferrin receptor) proteins were examined after cilia removal, and a consistent and significant impact on the organization and effectiveness of post-Golgi sorting was observed. For example, gp80/clusterin, a protein that is normally secreted from the apical pole of MDCK II cells (Urban et al., 1987) , became randomly secreted when cilia were removed ( Figure 5A ). Because deciliated cells have tighter junctions than control cells, the increased accumulation of gp80/clusterin in the basal-lateral medium likely reflects decreased apical sorting fidelity in the trans-Golgi network (TGN). This effect was reversible. After CH washout and cilia regrowth, gp80/clusterin was once again vectorially secreted into the apical medium ( Figure 5A) .
Similarly, the apical plasma membrane glycoprotein gp114/CEACAM (Balcarova-Stander et al., 1984; Fullekrug et al., 2006) was significantly missorted to basal-lateral mem- branes after cilia removal ( Figure 5B ). This protein is excluded from primary cilia of untreated cells and is normally expressed in a discrete region of the apical surface above TJs ( Figure 5B ). After deciliation, gp114/CEACAM became evenly distributed across both apical and basal-lateral surfaces. Most strikingly, gp135/podocalyxin (Ojakian and Schwimmer, 1988) , another apical protein, but one that is not expressed in the ciliary membrane, was almost completely (Ͼ95%) absent in deciliated cells ( Figure 5C ). Because gp135/podocalyxin has been proposed to function in establishing apical-basal polarity (Meder et al., 2005) and in organizing subdomains within the apical plasma membrane (Takeda et al., 2001; Li et al., 2002) , it is noteworthy that ciliary function appears to be required to maintain its expression in renal epithelial cells.
Although E-cadherin expression and localization were largely unaffected after deciliation ( Figure 6A ), Na,K-ATPase (␣ subunit) expression at the basal-lateral surface was dramatically reduced ( Figure 6B ). The ␣ subunit was expressed at normal levels, as determined by immunoblotting, but a large fraction accumulated internally. The undelivered ␣ subunit was sequestered in a perinuclear compartment in deciliated cells ( Figure 6B ). Collectively, these results suggested that deciliation was accompanied by major changes in either TGN/endosomal sorting fidelity or trafficking efficiency of cargo-laden transport vesicles to apical and basal-lateral membrane domains. Importantly, these effects appeared to be selective for secretory traffic, because endosomal transferrin receptor recycling was not significantly altered after deciliation (Supplemental Figure S4) .
Calcium-dependent and -independent Pathways Trigger Deciliation and TJ Remodeling
Both CH and dibucaine induce deflagellation of lower eukaryotes by a mechanism that requires elevating intracellular free calcium concentration ([Ca 2ϩ ] i ; Quarmby and Hartzell, 1994; Quarmby, 2004) . Although the cellular target of CH is not known, CH is a potent inhibitor of Ca 2ϩ /Mg 2ϩ -ATPases in vitro and increased [Ca 2ϩ ] i up to 20-fold in PtK 1 kangaroo rat kidney epithelial cells (Bergesse et al., 1983; Lee et al., 1987) . Quantitative calcium imaging revealed a rapid approximately fivefold increase and a sustained elevation of about twofold in [Ca 2ϩ ] i after treatment of MDCK II cells with CH ( Figure 7A ). When CH was applied to cells together with either BAPTA-AM or EGTA-AM, deciliation was largely prevented and TJ remodeling did not occur ( Figure  7B ), indicating that elevated [Ca 2ϩ ] i was required for both events.
Thapsigargin treatment resulted in elevated [Ca 2ϩ ] i , quantitatively similar to what has been previously reported (Lien et al., 1995) and that which we observed after CH treatment (not shown). This treatment promoted both deciliation and TJ remodeling, although the magnitude of these effects was somewhat less than that observed after CH treatment ( Figure 7C ). We infer from these results that CHinduced deciliation and TJ remodeling were dependent on elevated [Ca 2ϩ ] i . Pharmacological inhibition of two specific protein kinase families that are activated by calcium and are known to be involved in TJ remodeling (Balda et al., 1991; Stuart and Nigam, 1995; Turner et al., 1997) failed to block either deciliation or TJ remodeling. Calphostin C, a potent and specific inhibitor of conventional protein kinase C isoforms (IC 50 ϭ 50 nM) failed to inhibit both CH-induced deciliation and the associated rise in TER ( Figure S5 ). Likewise, ML-7, which blocks calcium-activated myosin light-chain kinase activity (IC 50 ϭ 300 nM), also had no affect on CH-induced deciliation and TJ remodeling (Supplemental Figure S5) .
In contrast to the calcium-dependent mechanism by which CH induced deciliation and TJ remodeling, NH 4 triggered these processes by a mechanism that did not appear to require increased [Ca 2ϩ ] i . Although a transient increase in [Ca 2ϩ ] i was observed after treatment with NH 4 , this response was much smaller in amplitude than that which was observed in response to CH ( Figure 7A ). In addition, a sustained elevation in [Ca 2ϩ ] i during NH 4 -induced deciliation was not observed. Moreover, BAPTA-AM treatment blocked the small transient increase in [Ca 2ϩ ] i after NH 4 treatment, but did not inhibit either deciliation or TJ remodeling ( Figure 7B ). These results show that stress-induced deciliation of renal epithelial cells may occur by either a Ca 2ϩ -dependent pathway (in the case of CH) or a Ca 2ϩ -independent pathway (in the case of NH 4 ). Because TJ remodeling accompanied deciliation induced by either protocol, it is likely that deciliation caused the remodeling. . Twenty-four hours later, TER was measured and cultures were fixed and labeled with anti-acetylated tubulin antibodies. Note that preloading cells with calcium chelators largely prevented deciliation and blocked the associated rise in TER induced by CH, but had no effect on NH 4 SO 4 -induced deciliation and remodeling. Cilia were counted in five randomly selected fields per filter. n ϭ 3 filters per condition; error bars, SEM. (C) Polarized MDCK II cells were cultured in HG-DMEM in the absence or presence of 1 M thapsigargin for 24 h, at which time TER was measured and cultures were fixed and labeled with anti-acetylated tubulin antibodies. n ϭ 3 filters per condition; error bars, SEM.
Deciliation and TJ Remodeling May Be Mechanistically Coupled Events
Considering that Caco-2 cells, which had no detectable primary cilia, did not remodel TJs when exposed to autotomyinducing stimuli (Figure 2A) , we wanted to determine whether elongated, mature primary cilia need be present for autotomy-associated epithelial remodeling to occur. 14-3-3 and polaris/IFT88 are both components required for ciliogenesis (Pazour et al., 2002; Fan et al., 2004) . Cells lacking either of these proteins have very short primary cilia, in which microtubules fail to extend beyond the transition zone. However, RNAi-mediated reduction of either 14-3-3 or polaris/IFT88 did not induce the remodeling events observed during stress-induced deciliation. Both sh14-3-3 and shPolaris cell lines expressed claudin-2 ( Figure 8A ) and had a TER identical to that of control MDCK II cells ( Figure  8B ). However, treatment of either sh14-3-3 or shPolaris cells with CH nonetheless induced epithelial remodeling. In each case, cells down-regulated gp135 and claudin-2 expression (not shown) and showed an elevated TER, similar to parental MDCK II cells when CH was added ( Figure 8B ). These results suggested that full-length, mature primary cilia need not be present in order to activate the stressinduced deciliation pathway. Instead, it may be sufficient that cells have nucleated nascent primary cilia, or "procilia," for autotomy-associated remodeling to occur.
Deciliation is a multistep process involving both axonemal severing (Quarmby, 2004) and Exocyst-dependent delivery of vesicles to the site of autotomy to drive fission and release of cilia (Spiczka and Yeaman, unpublished results). If deciliation was causally connected to epithelial remodeling, we reasoned that inhibiting ciliary shedding would prevent associated changes in intercellular junctions and surface composition. RNAi-mediated knockdown of Sec6, a component of the Exocyst, protected MDCK cells against both CHand NH 4 -induced deciliation ( Figure 9A ). In addition, shSec6 cells expressed normal levels of claudin-2 and gp135 in the presence of autotomy-inducing agents and maintained a TER identical to that of untreated cells ( Figure 9B ). We note that Sec6 knockdown did not inhibit a CH-induced elevation of [Ca 2ϩ ] i (not shown), indicating that shSec6 cells were able to sense autotomy-inducing insults, but were unable to complete the deciliation process.
Because the Exocyst is required for numerous trafficking events in MDCK cells (Grindstaff et al., 1998; Oztan et al., 2007) , it was important to determine whether Sec6 knockdown prevented epithelial remodeling specifically because deciliation was inhibited and not because some other process, unrelated to deciliation, was blocked. For example, Sec6 knockdown might prevent TJ remodeling by inhibiting endocytosis and trafficking of claudin-2. Therefore, we examined TJ remodeling induced by signals that are not associated with deciliation. Treatment of quiescent MDCK II cells with EGF caused claudin-2 down-regulation and increased TER (Singh and Harris, 2004;  Figure 9B ). This response was unaffected by Sec6 knockdown ( Figure 9B) . Therefore, obstructing Exocyst activity specifically inhibited deciliation-associated TJ remodeling. Together, these results suggested that stress-induced deciliation was associated with remodeling of epithelial junctions and plasma membrane domains, and that inhibition of ciliary shedding prevented associated changes in epithelial cell organization.
DISCUSSION
When considered together, these data suggest that a specific connection exists between stress-induced deciliation and changes in intercellular junctions, post-Golgi sorting mechanisms, and polarized membrane domains. The observed effects were reversible: upon washout of the deciliating in- sult, cilia reemerged and membrane domains and junctions returned to normal, and all of these processes occurred with similar kinetics. Importantly, changes in junctions and membrane domains appeared to be associated with the autotomy event itself and did not occur because of resorption or simply because mature primary cilia were not present. We suggest that activation of a deciliation signaling pathway is the driving force behind epithelial remodeling.
Why do cells that cannot generate a full-length, mature primary cilium (such as those lacking either 14-3-3 or polaris/IFT88) nonetheless respond to agents that promote stress-induced deciliation? Is it because these agents have unintended side effects that are unrelated to ciliary autotomy, or is it that the deciliation mechanism can be engaged even when mature cilia are absent? Five pieces of data encourage us to favor the latter possibility. First, ciliary shedding and TJ remodeling were cotriggered by more than one type of stimulus, indicating that these effects were independent of the specific agent used to induce deciliation. Second, LLC-PK 1 cells, which did not deciliate after CH treatment, and Caco-2 cells, which had no cilium to shed, also did not remodel their TJs when exposed to CH. Third, ciliary autotomy and TJ remodeling shared a requirement for intracellular calcium signaling when CH was the insulting agent and a lack of such requirement when NH 4 was used. Fourth, both CH-induced deciliation and TJ remodeling were similarly resistant to inhibitors that target two common signaling components downstream of calcium. Fifth, and perhaps most compelling, when ciliary shedding was inhibited, TJ remodeling also did not occur, despite the fact that autotomy-inducing agents were present in the culture medium. Although the formal possibility remains that the panoply of effects observed after exposure of cells to deciliating agents reflects divergent cellular mechanisms, these various lines of evidence suggest that ciliary shedding and epithelial remodeling share at least a common upstream signal, and perhaps even a close functional association.
Why would epithelial cells have a mechanism to rapidly shed their cilia, and why would activation of this mechanism lead to remodeling of junctions and surface domains? Primary cilia are susceptible to insult, by virtue of the fact that they extend far away from the cell body and into an external environment that may contain harmful or noxious agents. Indeed, kidney cells may be exposed to certain metabolites in the filtrate, such as ammonium ions, that have previously been shown to mediate the deciliating activity of pathogenic Ureaplasma infection of the oviduct (Stalheim and Gallagher, 1977) . Mycoplasma infection of the upper respiratory tract also causes deciliation (Stadtlander, 2006) , but the consequences of urinary tract infections on renal epithelial cilia have not been reported. Perhaps ciliary shedding provides a protective signal to the epithelium, informing cells to "hunker down" by tightening their junctions and regulating their endocytic and exocytic trafficking pathways.
An alternative idea is that primary cilia must be severed and released by cells in order to facilitate rapid reentry of quiescent cells into the cell cycle. The earliest articles describing primary cilia put forth the suggestion that ciliogenesis forced cells to become quiescent by removing the centriole from the mitotic cycle (Blum, 1971; Quarmby, 2004) . Nearly a century later, quiescent fibroblasts were observed to undergo a biphasic loss of primary cilia when stimulated with growth factors (Tucker et al., 1979a,b) . Cells in G0 abruptly lost their primary cilia and then transiently regrew them during G1, only to lose them permanently during S phase. Perhaps agents that induce ciliary autotomy mimic , and the fraction of ciliated cells in the population was determined as described in Figure 1 (bottom right). "Control MDCK II" cells were transduced with lentiviral vectors encoding a nontargeting shRNA and were selected in puromycin, as described in Materials and Methods. (B) In cultures in which ciliary shedding is inhibited, TJs do not undergo remodeling and gp135/podocalyxin expression is maintained. Cells, cultured in the absence or presence of either 2 mM CH for 2 d, 30 mM NH 4 SO 4 for 24 h, or 100 ng/ml EGF for 24 h, were monitored for TER at the time of harvest (left). In addition, cells were lysed and lysate was subjected to SDS-PAGE and immunoblotting with antibodies to claudin-2 and ␤-tubulin (top right) or gp135 (bottom right). n ϭ 3 filters; error bars, SEM.
the effects of growth factors that promote deciliation. In principle, this could be associated with a tightening of junctions and an altering of endocytic and exocytic trafficking, if similar events occur during mitosis in epithelial cells.
Can we learn anything about the pathogenesis of cystic kidney diseases by studying stress-induced deciliation? One reasonable hypothesis is that renal epithelia have evolved a mechanism to protect primary cilia against stress-induced autotomy and that mutations in genes whose protein products function in this mechanism render cells more susceptible to deciliation, and consequently to altered transepithelial fluid transport and mis-regulated proliferation, hallmarks of polycystic kidney diseases. Alternatively, ciliary autotomy might represent an important decision that quiescent cells make before returning to the cell cycle, and mutations in genes responsible for regulating this mechanism could cause changes in renal cell differentiation and abnormal growth control, thereby leading to cystogenesis and disease.
These two ideas are not mutually exclusive. Considering that nearly all differentiated cells in the body have primary cilia (Marshall and Nonaka, 2006; Singla and Reiter, 2006) , it is possible that deciliation represents an important decision that all cells must make before reentering the cell cycle. It is logical to suggest that ciliary shedding is subject to regulation and that mutations that compromise the fidelity of this regulation will affect cell growth and differentiation. At the same time, it seems likely that cells have mechanisms in place to ensure that ciliary shedding happens only at the correct time and place, thus protecting cells from aberrant deciliation in response to environmental stress, such as bacterial infection or chemicals. Loss-of-function mutations in genes responsible for protecting cells from stress-induced deciliation could render cells more sensitive to such agents, leading to improper autotomy and loss of cellular differentiation and growth control.
